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that promote meiotic synthesis depen-
dent strand annealing remain unknown 
in any organism (Figure 1).
Overall, the Mets and Meyer study 
reveals that crossover formation in C. 
elegans is controlled at two levels: at 
the level of meiotic DSB production by a 
new condensin complex, and at the level 
of the crossover/noncrossover deci-
sion, the control and execution of which 
remains to be defined.
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In the formation of long-term memories, a “spaced” distribution of study sessions is more beneficial 
than closely spaced “massed” study sessions. Pagani et al. (2009) examine the molecular basis of 
this spacing effect in Drosophila and find a role for the SHP2 homolog, corkscrew, an activator of 
Ras/MAPK signaling, in establishing optimal spacing intervals.Increasing the amount of time spent 
studying improves memory retention, 
but the distribution of study sessions 
across time is equally critical for mem-
ory formation. The spacing effect refers 
to the benefit to enduring memory reten-
tion of a “spaced” distribution of study 
sessions compared to a continuous 
study session of the same total dura-
tion, or more closely spaced “massed” 
sessions. Although the benefits of this 
spacing effect in both humans and ani-
mal models have been known for over a 
century, the underlying molecular mech-
anisms are still poorly understood. From 
studies in a wide range of experimen-
tal systems, we now have an extensive 
list of candidate molecules and cellular 
correlates that can, at least in principle, 
contribute to this sensitivity to training 
patterns (Figure 1). Recent work has 
implicated the Ras/MAPK pathway in 
regulating the optimal spacing intervals 
for long-lasting memory formation (Ajay 
and Bhalla, 2004; Philips et al., 2007; Ye 
et al., 2008). In this issue of Cell, Pagani et al. (2009) characterize a role in long-
lasting memory formation for a Droso-
phila tyrosine phosphatase called cork-
screw (SHP2 in vertebrates), a potent 
activator of Ras/MAPK signaling. They 
show that corkscrew activity regulates 
the appropriate training intervals for the 
induction of long-term memory in flies.
Memory formation in Drosophila is 
sensitive to both the number and pat-
tern of training sessions. In response 
to multiple spaced training sessions, 
two forms of enduring memory can be 
formed. One type of memory does not 
require protein synthesis and lasts about 
4 days (also called anesthesia-resistant 
memory). A second type of memory, 
long-term memory, lasts at least 1 week 
and requires both protein synthesis and 
CREB-dependent gene transcription. 
The Ras/MAPK signaling pathway, which 
regulates many cellular processes, also 
plays a role in the formation of long-term 
memory, through its effects on both 
protein synthesis and CREB-dependent 
transcription.Cell 1The SHP2 tyrosine phosphatase is an 
activator of the Ras/MAPK pathway. In 
humans, dominant mutations in the gene 
encoding SHP2, ptpn11, are associated 
with the development of Noonan’s and 
LEOPARD syndromes. These syndromes 
belong to a family of Ras/MAPK-related 
disorders associated with mental retar-
dation. Most clinically relevant muta-
tions in ptpn11 are associated with pro-
longed SHP2 phosphatase activity that 
promotes the conversion of the MAPK 
activator Ras from its inactive state to 
its active state. Thus, gain-of-function 
SHP2 mutants lead to prolonged activa-
tion of the Ras/MAPK pathway.
In their new work, Pagani et al. (2009) 
examine the role of corkscrew, the fly 
homolog of SHP2, in the formation of 
long-term memory. The authors use a 
common aversive olfactory memory task, 
in which flies are first given an electric 
shock in the presence of a specific odor. 
Later, they demonstrate memory for that 
experience in a two-choice apparatus by 
avoiding a chamber containing the odor 39, October 2, 2009 ©2009 Elsevier Inc. 23
paired with a shock in favor of a chamber 
containing an explicitly unpaired “safe” 
odor. In this task, long-term memory 
typically develops after ten spaced train-
ing sessions. Corkscrew is constitutively 
expressed in wild-type flies. When the 
authors overexpressed gain-of-function 
mutant forms of the corkscrew gene in 
the fly central nervous system, which 
result in prolonged corkscrew phos-
phatase activity, they discovered that 
long-term memory formation was dis-
rupted. In contrast, overexpression of 
figure 1. signaling elements contributing 
to the spacing effect in Memory formation
Illustrated are some of the candidate signaling ele-
ments implicated in sensitivity to training patterns 
during the induction of long-term synaptic plas-
ticity and memory. Ras signaling (Ye et al., 2008) 
promotes MAPK activation (Ajay and Bhalla, 2004; 
Philips et al., 2007), whose activity can, in turn, 
support the activation of nuclear signaling compo-
nents such as the CREB transcription factor (Yin 
et al., 1995; Kogan et al., 1997; Josselyn et al., 
2001). CREB transcriptional activity leads to the 
expression of immediate early genes (Guzowski, 
2002) and subsequent production of the proteins 
necessary to support long-term synaptic plasticity 
and long-term memory formation. Massed train-
ing sessions can recruit inhibitory phosphatases, 
including the CREB-inactivating protein phos-
phatase 1 (PP1), which serves as a “brake” on 
the formation of long-term synaptic plasticity and 
memory (Muzzio et al., 1999; Genoux et al., 2002). 
Pagani et al. (2009) now show that corkscrew 
(blue), the Drosophila homolog of the Ras/MAPK 
activating protein SHP2, can modulate the optimal 
spacing intervals for long-term memory formation 
in flies.24 Cell 139, October 2, 2009 ©2009 Elseviecorkscrew mutants did not affect anes-
thesia-resistant memory in these flies. 
The investigators observed long-term 
memory disruption both in transgenic 
flies overexpressing mutant corkscrew 
from birth and in flies overexpressing 
mutant corkscrew just 1 hr prior to train-
ing. Thus, impaired long-term memory 
formation in this fly model of Noonan’s 
syndrome suggests a direct role for 
corkscrew in memory formation, rather 
than a developmental role with indirect 
effects on memory. Importantly, the 
authors also demonstrated, using both 
RNA interference against corkscrew and 
a pharmacological inhibitor of corkscrew 
phosphatase activity, that endogenous 
corkscrew activity is normally required 
for long-term memory induction.
In the course of their study, the authors 
made an intriguing observation. Flies 
that overexpressed wild-type corkscrew 
(in which long-term memory formation 
was normal following spaced training) 
now also developed a protein synthe-
sis-dependent 24 hr long-term memory 
when given a massed training protocol. 
Massed training typically only induces 
anesthesia-resistant memory. Therefore, 
overexpression of wild-type corkscrew 
enabled training with significantly shorter 
rest intervals between trials (2.5 versus 
15 min) to induce a 24 hr long-term mem-
ory. The induction of long-term memory 
required corkscrew’s phosphatase activ-
ity, as overexpression of a phosphatase-
defective mutant did not yield the same 
results. Thus, although overexpression 
of gain-of-function corkscrew impaired 
long-term memory formation, overex-
pression of wild-type corkscrew actually 
promoted long-term memory formation 
during massed training sessions. These 
data strongly suggest that the memory 
deficit observed in flies overexpressing 
the gain-of-function corkscrew muta-
tions may be due to the decreased abil-
ity to inactivate corkscrew phosphatase 
activity.
As corkscrew is a potent activator of 
Ras/MAPK signaling, which is required 
for long-term memory induction in both 
vertebrate and invertebrate systems, the 
authors measured MAPK activation in 
flies undergoing ten spaced or massed 
training sessions. MAPK signaling was 
briefly activated in control flies following 
both spaced and massed training pro-r Inc.tocols. However, although the authors 
observed significant MAPK activation 
between each of the ten spaced training 
trials, they did not observe any MAPK 
activation between massed training 
sessions. In contrast, the authors did 
observe MAPK activation in flies under-
going massed training if the flies over-
expressed wild-type corkscrew (recall 
that massed training induces long-term 
memory in these flies). Thus, successful 
induction of long-term memory appears 
to be correlated with MAPK activity dur-
ing the intervals between training trials.
The authors’ most striking observa-
tion, however, was that during successful 
long-term memory induction protocols, 
administration of the second training 
trial resulted in significant inactivation 
of the MAPK that had been activated by 
the first trial. In contrast, a second trial 
in flies overexpressing gain-of-function 
corkscrew mutant protein (which impairs 
long-term memory formation) did not 
inactivate MAPK. The authors therefore 
suggest that it is the ability of a subse-
quent training trial to turn off (and then 
back on) MAPK activation—that is, the 
generation of discrete waves of MAPK 
activation—that plays an important role 
in long-term memory induction. This is a 
new idea as previous research had cor-
related the optimal training intervals for 
induction of long-term synaptic plastic-
ity and memory with the timing of peak 
MAPK activity between trials (Ajay and 
Bhalla, 2004; Philips et al., 2007) but had 
not considered the trial-to-trial dynamic 
regulation of MAPK activity. Finally, the 
authors rescued the long-term memory 
deficits of gain-of-function corkscrew 
mutants both pharmacologically, by 
reducing corkscrew phosphatase activ-
ity prior to spaced training, and also with-
out drug intervention, by extending the 
interval between training sessions from 
15 to 40 min. As control flies also learned 
normally on the 40 min interval protocol, 
these results collectively suggest that 
the phosphatase activity of corkscrew 
regulates the minimum inter-trial interval 
required for successful long-term mem-
ory formation. The authors propose that 
expanding the intervals between training 
sessions to 40 min in flies overexpress-
ing gain-of-function corkscrew mutants 
rescues long-term memory formation by 
permitting MAPK inactivation with sub-
sequent training (which cannot occur at 
the shorter spacing intervals). This pro-
posal underscores the importance of the 
generation of discrete waves of MAPK 
activity with each trial.
In summary, the authors have demon-
strated the importance of activation and 
inactivation of MAPK in the first 2 (out 
of 10) training trials leading to long-term 
memory formation in flies. To explore this 
model further, it will now be important to 
test whether a similar on-off switch for 
MAPK activity occurs across trials 3–10 
in normal flies, and in gain-of-function 
corkscrew mutant flies trained using the 
40 min interval protocol. If these predic-
tions are confirmed, this significantly 
advances our understanding of the spac-
ing effect, as it indicates that it is not only Of the various types of DNA damage, 
double-strand breaks (DSBs) may be 
the most cytotoxic because of their 
potential to cause gross chromosomal 
aberrations, often linked to cell death 
or cancer. Cells therefore go to great 
lengths to repair DSBs, mounting a 
highly complex multistep response that 
includes modifications to large chroma-
tin domains (“repair foci”) through, e.g., 
ubiquitination, phosphorylation, and 
binding of numerous repair factors, scaf-
folding mediators, and posttranslational 
modifiers (Harper and Elledge, 2007). 
A keystone in the response to DSBs in 
eukaryotic cells is the Nbs1 protein, one 
of the earliest repair factors to bind to 
DSBs. However, Nbs1 also acts later in 
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The Mre11-Rad50-Nbs1 (MRN) c
repair pathway and checkpoint p
et al., 2009) identify Nbs1 as a key
ment module in Nbs1 binds to difthe activation kinetics of MAPK signaling 
that determine the optimal spacing of 
training sessions, but also the genera-
tion of discrete waves of MAPK that is 
critical. Ultimately, an understanding of 
such activation profiles in patients suf-
fering from disorders of the Ras/MAPK 
signaling pathway such as Noonan’s 
syndrome could, in principle, lead to the 
development of optimal learning strate-
gies that would allow the encoding of 
lasting memories.
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the repair process to regulate the DNA 
damage checkpoint and to recruit other 
repair factors to DSBs. Two papers in 
this issue of Cell (Williams et al., 2009; 
Lloyd et al., 2009) now provide structural 
and molecular insight into the mecha-
nism by which Nbs1 performs these later 
repair functions.
DSBs are repaired by two major path-
ways, homologous recombination (HR) 
and nonhomologous end joining (NHEJ). 
Homologous recombination uses the 
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repair pathway is potentially mutagenic 
and can lead to chromosome aberra-
tions. Repair pathway selection appears 
to be controlled in part by phosphoryla-
tion of repair factors, but the underly-
ing molecular mechanisms are unclear. 
Nbs1, which plays a key role in both DSB 
repair pathways, interacts with different 
response proteins in a phosphorylation-
dependent manner.
Nbs1 is mutated in Nijmegen break-
age syndrome (Carney et al., 1998; 
Varon et al., 1998), which is character-
ized by chromosomal instability, micro-
cephaly, immunodeficiency, and a 
susceptibility to cancer. Nbs1 together 
with the endo/exonuclease Mre11 and 
the ATP binding protein Rad50 form 
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